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Abstract 
 
The carbohydrate structures of molluscan hemocyanins have recently received 
particular interest due to their specific monosaccharide composition, as well as their 
immunostimulatory properties and application in clinical studies. For the first time, we 
investigated N-glycans of the structural subunit β-HlH of hemocyanin isolated from Helix 
lucorum. In total, 32 different glycans were enzymatically liberated and characterized by 
tandem mass spectrometry using a Q-Trap mass spectrometer. Our study revealed a 
highly heterogeneous mixture of glycans with composition Hex3-7HexNAc2-5MeHex0-
4Pent0-1Fuc0-1. The oligosaccharide chains are mostly modified at the inner core by β1-2-
linked xylose to β-mannose, by α1-6-fucosylation of the innermost GlcNAc residue (the 
Asn-bound GlcNAc), and by methylation. The glycans of β-HlH mainly contain a terminal 
MeHex residue; in some cases even two, three or four of these residues occur. Several 
carbohydrate chains in β-HlH are core-fucosylated without Xyl and also possess a high 
degree of methylation. This study shows the presence of mono- and bi-antennary N-
glycans as well as hybrid type structures with or without core-fucosylation. 
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1. Introduction 
Hemocyanins are oligomeric blue copper-containing respiratory glycoproteins with 
extremely high molecular weight and complex quaternary structure. They play a role as 
dioxygen carriers in the hemolymph of different species of molluscs and arthropods.1,2 
An important feature of hemocyanin structures is their carbohydrate content, an 
essential feature for their biomedical application. The relevance of glycosylation on 
hemocyanins as a factor for their immunostimulatory properties has been revealed from 
studies on the hemocyanin isoforms KLH1 and KLH2 of Megathura crenulata, which are 
widely used in experimental immunology and clinical practice.3-7 The clinical success of 
intravesical administration of KLH to patients with bladder carcinoma is assumed to be 
based on the presence of the disaccharide Gal(β1-3)GalNAc determinants which are 
cross reactive with an equivalent epitope on the bladder tumor cell surface. The 
proposed mechanism of action involves immune activation due to the presence of 
epitopes such as the Thomson–Friederich antigen and N-linked oligosaccharides 
carbohydrates motifs, as well as the enhancement of T helper type-1 immunity.8-10 
The versatile properties of KLH in biomedical and clinical applications have led to 
a growing interest in finding other hemocyanins with similar or even more potent 
immunomodulatory properties. Hemocyanins from different species of molluscs, such as 
Rapana venosa (RvH), Helix lucorum (HlH), previously called Helix vulgaris, and 
Concholepas concholepas have also been shown to be immunogenic and to display 
significant antitumor activities.10-14 It was also demonstrated that HlH and RvH have a 
direct antiproliferative effect on CAL-29 and T-24 bladder cancer cell lines, and that the 
antitumor properties of HlH are even superior to KLH.15,16 Moreover, also the antiviral 
activity of molluscan hemocyanins (RvH, β-HlH, KLH, and Haliotis tuberculata 
hemocyanin (HtH)), which is also based on the presence of carbohydrate structures, has 
recently drawn considerable attention.17-25 
The carbohydrate content of molluscan hemocyanins (2–9%, w/w)  is higher than 
that of most arthropod hemocyanins.26,27 Moreover, hemocyanins of Helix pomatia 
(HpH) and Lymnaea stagnalis contain monosaccharides not usually found in animal 
glycoproteins (H. pomatia: D-xyl and 3-O-methyl-D-galactose (3MeGal)28,29; L. stagnalis: 
D-Xyl, 3-O-methyl-D-mannose (3MeMan), and 3MeGal)30. 4-O-Methylgalactose was 
detected for the first time in HpH.29 Fucosylated LacdiNAc, core xylose, galactosylated 
(i.e., Gal(β1-4)Gal(β1-4)Fuc(α1-6)) as well as Gal(β1-3)-GalNAc and Gal(β1-6)Man 
motifshave been determined in KLH glycans.8,9,31,32 In other species, the glycans present 
on the haemocyanins vary from the ‘less exciting’ hybrid and Man5GlcNAc2 structures in 
Panulirus interruptus33 to oligosaccharides with methylated mannose in Hippopus 
hippopus34, methylated Lewis-like motifs, including MeHex and Fuc residues α1-3-linked 
to an internal GlcNAc residue (MeHex[Fuc(α1-3)]GlcNAc motif) in HtH,35 sulfated 
mannose, methylated GlcNAc and methylated galactose in RvH.17,36,37 Recent structural 
studies of both isoforms of RvH demonstrated the presence of unusual N-glycan 
structures with an internal fucose residue (β1-2)-connecting GalNAc and a hexuronic 
acid.18,20,38 In the snail Biomphalaria glabrata, the intermediate host of the trematode 
Schistosoma mansoni, over 100 N-glycan have been isolated from haemolymph 
proteins, including biantennary glycans with core xylose, core α1-6-linked fucose, 
methylmannose and fucosylated LacdiNAc motifs. These features provide cross-
reactivity with anti-schistosoma antibodies.39 Methylated galactose and core xylose have 
been found on HpH and L. stagnalis haemocyanin with peripheral blood group H 
disaccharide (Fuc(α1-2)Galβ) in the former and core α1-6-linked fucose in the latter.28-30 
Native hemocyanin of a land snail Helix lucorum is organized by three different 
structural subunits: β-HlH, αD-HlH, and αN-HlH. Each of them, ranging from 350 to 450 
kDa, includes eight globular-folded domains known as functional units (FUs) with 
molecular masses of about 50–60 kDa.40 Previously, based on the gene sequence of β-
HlH, we have shown that this subunit contains 13 potential N-glycosylation sites.41 While 
β-HlH manifested immunological, potential antitumor and antiviral activities, information 
on the structure of its glycans is still incomplete.42 The aim of the present study was 
therefore to identify and to characterize the carbohydrate structures of β-HlH using 
tandem mass spectrometry. This information is essential for understanding biomedical 
properties of β-HlH, and is a prerequisite for producing recombinant glycoprotein 
therapeutics. 
2. Results and Discussion  
2.1. Identification of glycans 
The subunit β-HlH was subjected to PNGase F digestion and the glycans were 
separated from the protein. MALDI-TOF-MS was used for determination of the molecular 
mass and the relative abundance of the native glycans and provided first data on their 
monosaccharide composition (Fig. 1a,b and Table 1). Figure 1a shows eight 
predominant peaks for the [M+Na]+ ions at m/z 2145.6, 2131.6, 1211.4, 1999.6, 1065.4, 
2161.6, 1227.4, and 1414.4, coresponding to complex and high-mannose type N-linked 
glycans (Fig. 1b).  
 
2.2. Sequencing of the glycans by Q-Trap analysis  
Most of the glycans presented in Fig.1a were identified using a ESI-Q-Trap 
system (Table 1). Although it is likely that we did not detect all glycan structures of β-
HlH, there is sufficient data (Table 1) to compare the inferred structures with those found 
in other gastropodan hemocyanins. 
Sequencing and determination of configurations of the 32 N-glycans released 
from β-HlH after PNGase F treatment were performed by Q-Trap tandem mass 
spectrometry. The glycan sequence and branching was predominantly obtained by 
analysis of the dominant B, C, and Y, Z ions, and those from the internal oligosaccharide 
chain YB, YC in the MS/MS spectra. Furthermore, cross-ring fragments A and X allowed 
elucidation of the linkage positions in the glycans as described38.  Analysis of the 
carbohydrate structure of β-HlH was complicated by the vast heterogeneity of its glycans 
resulting in the expression of a great variety of different isomeric and/or isobaric 
structures.  
The results (Fig.1a,b; Table 1) revealed that β-HlH carries predominantly complex 
and oligomannose types of oligosaccharide structures (glycans Nos. 4, 9, 21, 22, 24-26, 
and 1-3, 5, 6, 8, respectively) as was observed in other molluscan hemocyanins. Most of 
them are methylated. The structures appeared to be based on various larger N-glycans 
in which 3-O-methylhexoses were found, in addition to carbohydrates containing fucose 
and/or xylose residues. Methylated sugars were also identified in other molluscan 
hemocyanins, such as 3-O-methyl-D-mannose and 3-O-methyl-D-galactose in HpH and 
L. stagnalis haemocyanin.28-30 It has been suggested that a high degree of methylation 
in the gastropod Arion lusitanicus is an important regulating event in this organism.43 
The hybrid type structures of glycans Nos. 10, 15 and 16   are present at relatively lower 
abundances than those of complex and high-mannose type N-linked glycan structures 
(Fig.1a,b). Below, elucidation of these unusual carbohydrate structures is illustrated by 
interpretation of the mass spectra of four glycans.  
Several glycans of the high mannose type were identified in β-HlH. The MS/MS 
spectrum of the N-glycan with the [M+Na]+ ion at m/z 1079.1 (Fig. 2 a,b; glycan No. 2 in 
Table 1) reveals a core-xylosylated structure, comprising one xylose residue and a 
terminal MeHex residue, both linked to β-mannose of the inner core. The presence of 
these two monosaccharides was easily revealed from two fragment peaks indicative for 
the sequential loss of Xyl and GlcNAc, Y3γ at m/z 947.2 and Y3γB3 at m/z 726.0, 
respectively. The terminal position of MeHex was revealed from the C1β fragment at m/z 
217.0. Probably it is MeMan as this residue is common in similar glycan structures of α-
HpH.28,29 Other fragments, such as Z1 (or Y2B3) at m/z 226.0 (GlcNAc+Na+), Y2 at m/z 
447.0, and YγB3 at m/z 726.0 (MeHex1Man2GlcNAc1+Na+), defined the structure of the 
glycan. The linkage positions of outer hexose and methylhexose residues were assigned 
by analysis of fragment ions due to cross-ring cleavages, which are also present in the 
spectrum (Fig. 2 a, b). Cross-ring fragment ions 3,5A2 (m/z 273.2) and 0,4A2 (m/z 259.0) 
confirmed the linkage position of MeHex. The presence of a D-ion was diagnostic for the 
side-chain composition; it was Y3βB2 (m/z 492.9) corresponding to Y3βY3γB2 (m/z 361.0), 
after loss of one Xyl residue (132 Da). The cross-ring fragment ion 0,2X3γC2 at m/z 583.0 
confirmed the position of Xyl and the presence of MeHex. The fragment ions B2Y3γ at 
m/z 523.1 and 0,2X3γC2 at m/z 583.0 confirmed the methylhexose residue. The presence 
of outer hexose, MeHex and Xyl residues was further corroborated by the fragment ions 
B2 at m/z 655.1, B3 at m/z 858.1 and 0,2A4 at m/z 977.9. The MS/MS spectrum clearly 
demonstrated the presence of a core-linked xylose as well as a terminal methylhexose 
attached to the β1-4-linked Man of the core. 
Оligosaccharide structures with partly or fully methylated terminal hexoses were 
detected in β-HlH. The MS/MS spectrum of the second glycan with the [M+Na]2+ ion at 
m/z 1092.3 (Fig. 3 a,b, glycan No. 26), clearly demonstrates the presence of three 
MeHex residues, two of them being terminally and one internally linked, one xylose β1-
2-linked to the core mannose, and one terminal Hex linked to the internal MeHex. The 
fragment ion at m/z 217.1 obviously again corresponds to a terminal MeHex, and 
Y7α’[2]C2α’ at m/z 393.1 fits the structure of a terminal MeHex linked to an internal MeHex 
residue. The adjacent ion Y7α’[1]C2α’ at m/z 379.1 justifies this interpretation. We also 
observe an ion at m/z 402.1 which corresponds to MeHex-HexNAc (Fig.3 а,b). This 
finding suggests that a second terminal MeHex is linked at an internal HexNAc residue. 
Subsequent ions C2α’ at m/z 555.1 (corresponding to MeHex[MeHex]Hex), Y6α’B4α at 
m/z 605.2, Y7α’[1]B3α’ (or Y6α’’B3α) at m/z 740.3, Y7α’[2]B3α at m/z 754.2, and B3α at m/z 
916.2 confirm the proposed structure. The B4α ion was due to the presence of an 
internal HexNAc residue. On the basis of similarity with the structure of glycans from 
HpH, we assume this residue to be GalNAc.29,44  The D-ion Y3αC6 at m/z 497.0 indicates 
the presence of a core β1-2-linked xylose. The observed mass difference between the 
ion Y4αC6 at m/z 659.2 and fragment ion Y4αB6Y3γ at m/z 509.0 is in agreement with the 
loss of one Xyl residue (132 Da) and a molecule of water. Further evidence for the 
presence of a xylose residue linked the core mannose is ions Y4αB7 (or Y5αB6) at m/z 
844.3, Z4α (Y5αB7) at m/z 1047.4, and Y4α (and Y5αC7) at m/z 1065.2. The presence of 
the cross-ring fragment ions 0,2A3α at m/z 833.0, 0,4A3α at m/z 259.0, 3,5A2α’ at m/z 
273.0, 2,4X5αY6α” at m/z 1421.5, and the ions at m/z 1250.2 and 1268.4 (Fig.3 a,b) 
confirmed the proposed structure of glycan No. 26.   
Glycan No. 24 that displayed molecular mass 2131.6 in the MALDI-MS spectrum 
was sequenced as a doubly-charged [M+2Na]2+ species at m/z 1077.2. As shown in the 
structure (Fig. 4), one pentose, one deoxyhexose and two terminal MeHex residues 
could be demonstrated, thus indicating a molecule with composition MeHex2Hex1 
HexNAc2Man3GlcNAc2Fuc1Xyl1. The fragment ion C1α’ (or C2α’’) at m/z 217.1 and the 
cross-ring fragment ion 3,5A2α’ (or 3,5A3α) at m/z 273.0 in the MS/MS spectrum obviously 
correspond to a terminal MeHex and are followed by the ions B2α’ at m/z 361.1 and C2α’ 
at m/z 379.1, which refer to MeHex-Hex. The sodium adduct ion Y6α’B3α at m/z 402.1 
suggests that the second terminal MeHex is linked to the internal HexNAc residue. The 
inferred structure with two terminal methylhexose residues is further confirmed by ion 
B3α at m/z 740.1 corresponding to MeHex-Hex-[(MeHex)]HexNAc, followed by the ions 
B4α and B5α. The ion B6 at m/z 1561.2 derives from the structure with two additional 
hexose residues and one core β1-2-linked xylose. An additional evidence for the β1→2-
linked pentose residue in the partial structure Xyl(β1→2)Man(β1→4)GlcNAc(β1-
4)GlcNAc is the ion Y3αB6 at m/z 479.2, and fragment ions Y4αB6 at m/z 641.2 and Y4αC6 
at m/z 658.9 (in accordance with the composition Xyl1Man3), Y4αB7 (or Y5αB6) at m/z 
844.3 (Xyl1Man3GlcNAc1), Y5αB7 and Z4αY1γ at m/z 1047.5 (Xyl1Man3GlcNAc2), Y5αY1γ at 
m/z 1268.3 (Xyl1Man3GlcNAc3), and Y6α’Y1γ at m/z 1647.2 
(Xyl1Man3GlcNAc2HexNAc2MeHex1). The fragment ions Z4α at m/z 1193.4 and Y4α at 
m/z 1211.3 (Xyl1Man3GlcNAc2Fuc1), Z5α at m/z 1396.3 and Y5α at m/z 1414.4, as well 
as the ion Y6α’Y6α’’ at m/z 1617.3 indicate the presence of Xyl and Fuc residues. The 
cross-ring fragment ion 0,2X2 at m/z 767.2 confirms the presence of a β1-2-linked xylose 
residue attached to β-mannose and of a core-linked Fuc. α1-6-linkage of Fuc to the 
terminal GlcNAc residue of the core followed from the cross-ring fragment ion 2,4X0 at 
m/z 330.1, resulting from ion 1,5X1 at m/z 418.1. These results are in agreement with 
glycan structures of HpH and other gastropods’ hemocyanins.29,45-47 
The last glycan under discussion is of hybrid–type and contains a core-linked 
Fuc(α1-6)GlcNAc disaccharide (Fig. 5 a, b, glycan No. 15). Attachemnet of a side-chain 
Fuc to the core follows from the Z1 ion at m/z 372.0. and the Y1 ion at m/z 390.2 
(GlcNAc1Fuc1), as well as the Z2 ion at m/z 575.2 and the Y2 ion at m/z 593.2 
(GlcNAc2Fuc1). The presence of the fragment ion Y4α′Y4α′′Y4β at m/z 1079.2 
(Man3GlcNAc2Fuc1) followed in increasing mass order by ions Y3α at m/z 1120.4 
(Man2GlcNAc3Fuc1) and Y4α′Y4α′′ at m/z 1282.1 confirm the core-linked Fuc. The 
observed mass difference (146 Da) between the [M+Na]+ ion at m/z 1606.5 and the 
fragment ion Y1γ at m/z 1460.5 also is in agreement with the loss of the Fuc residue.  
The fragment ions 0,4A5 at m/z 229.1, 0,2A5Y1 at m/z 289.1, and 2,4X0 at m/z 330.1 
confirm the presence of a terminal fucose residue α1–6-linked to the Asn-bound terminal 
GlcNAc residue of the core. An additional evidence is the presence of the cross-ring 
fragment ions 1,5X1 at m/z 418.1 and 0,2X2 at m/z 635.2. The rest of the sequence follows 
from the fragment ions B1α′ (or B1α′′) at m/z 185.0 and C1α′ (or C1α′′) at m/z 203.0, which 
obviously correspond to a hexose, and B1β (or Y2B4) at m/z 226.0, which stands for one 
GlcNAc. They are followed in increasing mass order by the ion B2β at m/z 388.1 (Hex-
GlcNAc) and C2α at m/z 527.2, corresponding to three Hex residues (three Man residues 
by analogy). Furthermore, the D-ion Y3βB3  at m/z 671.2 (Hex2Man2) and the ion Y4βB3 at 
m/z 833.2 (Hex2Man3), as well as the B3 ion (or Y4αB4) at m/z 1036.3, corresponding to 
Hex2Man3GlcNAc, and the B4 ion at m/z 1239.4 (Hex2Man3GlcNAc2) confirmed the 
suggested structure. The presence of the cross-ring fragment ions 0,4A2α at m/z 245.0 
and  3,5A2α at m/z 259.0, as well as 3,5X3αC4 (or 3,5X3αY4βY1γ) at m/z 1184.4 indicates that 
the terminal hexose (mannose) of the nonreducing end is α1-6-linked to the mannose at 
the 1-6-antennae of the N-glycan (Fig.5 b). A similar hybrid–type structure with a 
fucose 1-6-linked to the terminal GlcNAc residue of the core was established in 
mammals and is also a potential biosynthetic intermediate (as FucT needs GlcNAcT to 
act first), which remains unprocessed by -mannosidase II. Nevertheless, hybrid 
glycans are generally underrepresented on haemocyanins, which otherwise tend to 
possess high-mannose and core fucosylated complex structures.48 The N-glycans of 
hemocyanins are characterized with mainly high-mannose and complex types 
structures, and thus hybrid core fucosylated structures are out of the ordinary.8,9,29,35  
 
2.3. Localization of the carbohydrate linkage sites in 3D-model of β-HlH-g 
Glycosylation not only contributes to the physical properties of proteins, such as 
conformational stability, protease resistance, charge and hydrophilicity, but glycans may 
also function as recognition determinants in host-pathogen relationships, protein 
targeting and cell-cell interactions.46,47 Therefore, the position of the glycosylation site in 
the amino acid sequence of the protein is an important feature. 
Analysis of the gene sequence of the β-subunit reveals that there are 13 potential 
N-glycosylation sites, based on the N-glycan motifs NXT and/or NXS. Fourteen sites are 
located in the αD-subunit, and seven in the αN-subunit, but only some of these are 
effectively glycosylated.41 The distribution of these glycosylation sites in several 
functional units is different: in β-HlH we observed a single potential site in FU-e, two in 
FU-a, FU-f and FU-g, and three in FU-d and FU-h, whereas FU-b and FU-c have 
none.41,49 Our finding that the orcinol/H2SO4 glycosylation test was negative for the latter 
two units and positive for the others (data not shown) thus corroborates the gene 
sequence data. 
A model of β-HlH-g, based on the known structure of the functional unit 'g’ from 
Octopus dofleini hemocyanin (OcH-g), is presented in Fig. 6. It shows the typical 
presence of two domains, one being the so-called copper-containing 'central’ domain 
containing the active center, the other known as the ‘β-sandwich‘ domain located at the 
periphery of the molecule. The model clearly shows that the carbohydrate chains are 
exposed on the surface of the functional unit. One of the glycosylation sites is located in 
the domain at Asn125, while the other resides in the β-sandwich domain at position Asn 
372. The model indicates that Asn125 is the most accessible one. This might be 
essential for 'g’ to establish and maintain any contact with other functional units, and 
might contribute to the overall stability of the oligomeric hemocyanin by allowing the 
oligosaccharide trees to organize and stabilize the structural subunit of molluscan 
hemocyanins. This remains to be determined through further studies. Moreover, the 
hemocyanin antiviral activity has been attributed to van der Waals interactions of 
surface-exposed hemocyanin carbohydrate chains with surface-exposed amino acid or 
carbohydrate residues of viruses.18,19,24,25 
 
2.4. Comparison with other hemocyanins and functional consequences. 
The first analyses of a snail N-glycan were carried out on Helix pomatia α-
hemocyanin by 1H NMR spectroscopy.28 It was the first detection of xylose as a 
component of an animal N-glycan.28 The major low molecular weight N-glycan of this 
protein was found to be a Man3GlcNAc2-core both with a Fuc residue α1-6-linked to the 
inner GlcNAc and a (β1-2-linked) xylose residue attached to the β-Man residue.28 
Furthermore, an extention of the trimannosyl-N,N′-diacetylchitobiose core element for N-
glycosylation by one or two antennas has been described.29 The predominant antenna 
corresponds to a pentasaccharide consisting of a central GalNAc moiety substituted with 
(i) 3-O-methyl-D-galactose and (ii) a disaccharide of 3-O-methyl-D-galactose linked to 
GlcNAc at the reducing end.29,45 Researches on the Lymnea stagnalis, Cepaea 
hortensis, Planorbarius corneus, Arianta arbustorum and Achatina fulica confirmed β1-2-
linked Xyl being a typical component of snail N-glycans.29,30,45 
On the basis of this data and results from mass spectrometric analysis, we have 
determined the carbohydrate compositions of N-glycans shown in Table1. Our analysis 
of the glycans of β-HlH revealed that the sugar chains also are modified at the inner 
core by xylose β1-2-linked to β-mannose. We also demonstrated the attachment of an 
additional Fuc residue to position 6 of the Asn-bound GlcNAc and the presence of 
MeHex residues (Table 1). 
Our study shows the presence of monoantennary and diantennary N-glycans with 
partly or fully methylated terminal hexoses, which for reasons of similarity with HpH 
glycans28,29 are likely 3MeMan and/or 3МеGal residues. We also found hybrid 
structures, similar to those occurring in mammals 48 (glycan No. 15) and KLH9 (glycan 
No. 16). Besides a common core with an α1-6-linked fucose on the reducing GlcNAc 
and a β1-2-linked xylose linked to β-mannose, we inferred, by similarity, that one of the 
other two α-mannose residues might be substituted with GalNAc(β1-4)GlcNAc(β1-2) 
elements containing two to four β1-3- or β1-6-linked hexoses (mainly galactoses) with or 
without 3- or 4-O-methyl groups.28,29,45 The 3-O-MeGal(β1-3)GalNAc(β1-4)GlcNAc(β1-2) 
sequence from HpH29, and L. stugnulis hemocyanin30 are also observed in β-HlH (e.g. 
glycans Nos. 17, 21), as well as the 3-O-MeGal(β1-6)GalNAc(β1-4)GlcNAc(β1-2) 
structural fragment (similarly to glycans Nos. 21-27), but some display different motifs, 
containing MeHex(β1-4)GlcNAc(β1-2)Man(α1-3) (glycans Nos. 12 and 14), Hex(β1-
3)GalNAc(β1-4)GlcNAc(β1-2) (glycans Nos. 21, 24, 30 and 28), MeHex(β1-3)-[Hex(β1-
6)-]-MeHex(β1-3)GalNAc (glycans Nos. 26 and 29), and Hex(β1-3)[Hex(β1-
6)]GalNAc(β1-4)GlcNAc(β1-2) (glycan No. 28). 
Some of the N-glycan structures of β-HlH are similar to glycans from α-HpH (for 
example glycans Nos. 1, 4, 9, 18, 22, 25, 27, and 31)28,29, but there are also significant 
differences. We have established several N-glycans of β-HlH containing core-
fucosylation without Xyl (glycans Nos. 11, 12, 13, 15, 17 and 23), which were not earlier 
observed in glycan structures in HpH.28,29 In our preliminary experiments we checked for 
the possibility of the presence of hexuronic acid residues instead of methylhexose 
residues in β-HlH glycans, as we have found in RvH.18,20,38 Because the mass difference 
between MeHex and HexA is only 0.036 Da, we differentiated methylated structures 
from acidic glycans containing HexA by using CE-MS, as in electrophoresis they migrate 
more slowly than their neutral counterparts. The N-glycans of β-HlH do not migrate as 
negatively charged glycans during electrophoresis, in contrast to the glycans of RvH. 
The presence of hexuronic acid instead of methylhexose is therefore unlikely. 
Particularly, an N-glycan with an internal fucose residue and containing hexuronic acid, 
as was detected in RvH,18,20,38 seems to be absent from β-HlH. Besides, in contrast to 
KLH51 and HtH135 and similarly to HpH,28,29,45 neither LewisX-containing structures nor 
terminal Fuc(α1–3)GalNAc structural motif have been detected in β-HlH. 
Core fucosylated N-glycans are widely distributed in a variety of glycoproteins but 
little information is available about α1-6-fucosylation in land snails.28,29,43,45,48,50 Core-
fucosylated modifications are related to several physiological and pathological issues, 
e.g. they play important roles in cell signaling, and the enzymatic activity and protein 
expression of FUT8 are increased in tumor tissues of human colorectal carcinoma.52 
Fucosylation also seems to play a role during apoptosis. Increased levels of fucose 
residues and changes in fucosylation patterns can act as specific markers for 
developmental antigens, particularly in inflammatory processes and cancers 9,8,46,53, and 
have an effect on the efficacy of medicinal antibodies.11,13,51 
We also found a plenty of core-xylosylated structures comprising a xylose residue 
β1-2-linked to β-mannose of the inner core (glycans Nos. 1, 2, 4, 5, 7- 10, 14, 18-22, 24-
27, 29-32, Table 1). N-Glycans comprising β1-2-linked xylose residues were also found 
in HpH and L. stagnalis haemocyanin as major carbohydrate constituents.28-30 It has 
been demonstrated that a xylose residue β1-2-linked to a β-mannose unit of the core of 
an N-linked carbohydrate chain is a highly immunogenic epitope for mammalian 
species.43,50 In contrast to the glycan structures of αD-HpH, for which it has been shown 
that when xylose is absent, fucose is absent as well29, we found six completely different 
core-fucosylated structures without xylose residue in β-HlH (glycans Nos.11-13, 15, 17, 
23).  
Methylation of sugar residues is an unusual modification. As far as we know, 
mammals do not carry this glycan modification but many other organisms such as 
nematodes and molluscs do. The methylated structures are heterogenous in terms of 
involved monosaccharides and the position of methylation. Most of the analyzed glycans 
of β-HlH contain mainly a terminal and/or inner MeHex residue; in some cases even 
several such residues are present, e.g. up to 4 of them in the glycans Nos. 31 and 27. 
Methylation appears to play a role in some recognition phenomena, but details remain 
unknown.43,46,50,54 Highly methylated complex structures have also been recognized in 
many glycan structures of gastropod hemocyanins, suggesting that this glycan 
modification is an important feature in these organisms.8,9,28-30,35-37,39,43,50 
 
3. Conclusions 
An extremely diverse set of 32 N-glycans (high-mannose, complex and hybrid 
types) has been isolated from the structural β-subunit of H. lucorum hemocyanin and 
identified. It represents a highly heterogeneous mixture of glycans with the compositions 
Hex3-7HexNAc2-5MeHex0-4Pent0-1Fuc0-1. The glycans have predominantly 
monoantennary and biantennary structures of the complex type containing MeHex units. 
Hybrid type structures (some of them with α1-6-fucosylation of the Asn-bound GlcNAc) 
have been surprisingly found in the molluscan hemocyanins too. 
As in most molluscan hemocyanins, the glycans of β-HlH mainly contain a 
terminal MeHex, in some cases even several MeHex residue. Further modifications of 
the core structure include a substitution of the central Man at position 2 by Xyl and/or the 
attachment of an additional Fuc residue to the innermost GlcNAc. We have detected 
several glycans, which are both core-fucosylated and have a high degree of methylation. 
Similar structures are not observed in H. pomatia hemocyanin. The isolation and 
characterization of the N-linked glycans performed in this study revealed in part novel 
structural motifs which might contribute to the pronounced immunogenicity of this 
gastropod glycoprotein. These and published data show that gastropods have a wide 
capacity to modify the basic biantennary N-glycan structure with many species-specific 
peculiar structures.  
The structural model of the functional unit β-HlH-g, based on the model of the 
functional unit OdH-g, demonstrates that the glycans and the putative glycosylated sites 
are exposed on the surface in both domains of FU-g. Such site is missing in FU-b and 
FU-c, but there are three putative sites in the functional units FU-h and FU-d, and two in 
FU-a, FU-f and FU-g. As the glycans exposure in FU-h may prevent the formation of 
larger aggregates, we suggest that the native complex of β-HlH is not able to attach 
further decamers to its didecameric core structure. 
Different species of molluscan hemocyanins have been considered for use in 
diverse biomedical and clinical applications. In particular, the glycan moieties play 
diverse roles in biological systems that make them relevant for use as biotherapeutics. 
Medical investigations of gastropod glycoproteins can be subdivided into two groups: 
one in which interaction of an intermediate host gastropod with a parasite is analysed, 
and the second one which comprises studies for their use in cancer and antiviral 
therapy. It is known for about twenty years that snails and parasites share some 
epitopes, which cause cross-reactivity in vitro and antibody production in 
vivo.9,11,13,14,31,54,55 This reaction can be used on the one hand for diagnosis, and on the 
other hand for the design of drugs against the parasites.32,39,51,54,55 Some gastropod 
glycoproteins bind specifically to certain types of cancer cells, enabling diagnosis and 
prognosis.46 Natural or modified gastropod glycoproteins are also used in the fight 
against cancer cells by stimulating the human immune response.3-7,10-16,31,32 Our results 
may be considered as the basic information for further investigations on H. lucorum 
hemocyanin and its potential applications in therapy.  
 
4. Experimental 
4.1. Isolation of glycans from structural subunits of HlH  
Intact structural subunit β-HlH was obtained from the whole HlH as described.40 
For deglycosylation, approximately 4 mg of β-HlH were dissolved in 50 µl of denaturing 
solution (1% SDS, 0.5 M mercaptoethanol, 0.1 M EDTA), followed by incubation at 25 
oC for 30 min. A volume of 300 µl of Na-phosphate buffer (200 mM, pH 8.6) was added 
and the solution was heated in a boiling water bath for 5 min. After cooling to 25 oC, 50 
µl of Triton X100 and 5 µl of PNGase F (2 units) (Roche Diagnostics GmbH, Mannheim, 
Germany) were added. This mixture was incubated during 20 h at 37 °C. The released 
N-glycans were isolated by solid phase extraction on a Carbograph column (Alltech, 
Lokeren, Belgium), and the glycans were eluted with 2 ml of 25% acetonitrile/0.05% 
TFA. The collected fraction was dried and dissolved in 20 µl H2O (stock solution) for 
further analyses. 
4.2. MALDI-TOF/TOF-MS analysis of glycans  
The isolated oligosaccharides were analysed by MALDI-TOF-MS. The matrix was 
a dihydroxybenzoic acid solution in 50% ACN (10 mg.ml-1). The analyses were carried 
on a 4700 Proteomics Analyser with TOF/TOF optics (Applied Biosystems, Framingham, 
MA). The mass spectrometer had a 200 Hz frequency-tripled Nd-YAG laser operating at 
a wavelength of 355 nm. A total of 1500 shots were acquired in the MS mode. Spectra 
from m/z 900 to 3000 were recorded. Glycans were detected as [M+Na]+ ions. 
4.3. MS and MS/MS Q-Trap analysis of glycans  
 Off-line ESI-MS and MS/MS measurements of the glycans were performed on an 
Absciex 4000 Q-Trap mass spectrometer (Applied Biosystems), equipped with a 
nanospray ion source (Proxeon, Odense, Denmark) and using Proxeon medium 
nanospray needles. Typically, 10 µl of sample in 50% MeOH was introduced. The 
needle voltage was set at 1000 V. In the product ion-scanning mode, the scan speed 
was set to 1000 Da/s, with Q-trapping being activated. The trap fill-time was 200 ms in 
the MS/MS scan mode. The resolution of Q1 was set to ‘low’. The excitation time was 
set at 100 ms.   
4.4. 3D modelling and glycan structure localization 
The model of the tertiary structure of functional unit β-HlH-g of H. lucorum 
hemocyanin41 was generated based on the X-ray structure of functional unit ‘g‘ of 
Octopus dofleini hemocyanin56 using SwissPdb Viewer.57 Potential N-glycosylation sites 
were identified by their consensus sequences NXT or NXS.  
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Table 1. Oligosaccharide structures of N-glycans isolated from structural subunit β-HlH. 
The residue HexNAc in the glycans Nos. 17 to 32 is assigned as GalNAc on the basis of 
the similarity with hemocyanin of H. pomatia.29 
 
Legends to Figures 
Figure 1. a) MALDI-TOF-MS spectrum of the neutral N-linked glycans from β-HlH 
released by treatment with PNGase F. The spectrum was recorded using 2,5‑DHB as 
the matrix. Each of the glycans is detected as the [M+Na]+ ion. b) The monosaccharides 
are presented according to the nomenclature of the Consortium for Functional 
Glycomics; Me indicates 3-O-methyl/4-O-methyl group. Key symbols used for the 
constituent monosaccharides: =Man; Me =methylated hexose (MeHex); =GalNAc; 
=GlcNAc; =HexNAc; =Fuc;  =Xyl. 
 
Figure 2. a) MS/MS spectrum and structure with fragmentation pattern of the [M+Na]+ 
ion at m/z 1079.1 of the glycan No. 2 of β-HlH (MeHex1Man2GlcNAc2Xyl1). Collision 
energy (CE) was set at 40 eV. Fragments are assigned using the Domon/Costello 
nomenclature.44 b) Scheme showing the main cleavage sites and cross-ring fragment 
ions of the oligosaccharide chain. The methylated hexose is presented as methylated 
mannose.  
 
Figure 3. MS/MS spectrum and structure with fragmentation pattern of the double 
charged [M+2Na]2+ ion at m/z 1092.3 of the glycan No. 26 with composition 
MeHex3Hex1HexNAc2Man3GlcNAc2Xyl1 (CE 60 eV). b) Scheme showing the main 
cleavage sites and cross-ring fragment ions of a part of the oligosaccharide chain at the 
non-reducing end.  
 
Figure 4. a) MS/MS spectrum and structure with fragmentation pattern of the double 
charged [M+2Na]2+ ion of the glycan No. 24 at m/z 1077.2 with composition 
MeHex2Hex1HexNAc2Man3GlcNAc2Fuc1Xyl1 (CE 60 eV). b) Scheme showing the main 
cleavage sites and cross-ring fragment ions. Methylated hexoses and hexose at the 
non-reducing end are presented as methylated galactose and galactose, respectively.  
 Figure 5. a) MS/MS spectrum and structure of the [M+Na]+ ion at m/z 1606.5 of the 
glycan No. 15 with composition Hex2HexNAc1Man3GlcNAc2Fuc1 (CE 50 eV). b) 
Molecular structure with the main fragment ions and cross-ring fragment ions. Two 
terminal hexose residues at the non-reducing end are presented as mannose. 
 
Figure 6. 3D-model of functional unit β-HlH-g, created by using the Swiss PDB viewer 
and the model of functional unit ’g’ from Octopus dofleini hemocyanin. Glycans and the 
putative glycosylated sites N125 and N372 are presented as balls.49 
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